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The basic-helix-loop-helix (bHLH) proteins encoded by the E2A gene are broadly expressed transcription
regulators which function through binding to the E-box enhancer sequences. The DNA binding activities of E2A
proteins are directly inhibited upon dimerization with the Id1 gene product. It has been shown that disruption
of the E2A gene leads to a complete block in B-lymphocyte development and a high frequency of neonatal death.
We report here that nearly half of the surviving E2A-null mice develop acute T-cell lymphoma between 3 to 10
months of age. We further show that disruption of the Id1 gene improves the chance of postnatal survival of
E2A-null mice, indicating that Id1 is a canonical negative regulator of E2A and that the unbalanced ratio of
E2A to Id1 may contribute to the postnatal death of the E2A-null mice. However, the E2A/Id1 double-knockout
mice still develop T-cell tumors once they reach the age of 3 months. This result suggests that E2A may be
essential for maintaining the homeostasis of T lymphocytes during their constant renewal in adult life.

Helix-loop-helix (HLH) proteins belong to a family of tran-
scription factors which play important roles in cell fate deter-
mination and cellular differentiation (for reviews, see refer-
ences 29 and 42). They contain a highly conserved sequence
motif known as the basic helix-loop-helix (bHLH) domain. The
bHLH motif can be further divided into two subdomains, the
HLH domain and an adjacent basic region. The HLH domain,
consisting of two amphipathic a-helices separated by a loop of
amino acid sequence of variable length, is responsible for the
dimerization between HLH proteins. The basic region, con-
sisting of a cluster of 16 to 20 amino acids rich in lysine and
arginine residues that lie just N terminal to the first helix,
mediates high-affinity, sequence-specific DNA binding. Most
bHLH proteins recognize a common CANNTG core sequence
known as the E box (27). Many bHLH proteins are expressed
in a temporally and spatially restricted manner. Extensive stud-
ies of these proteins have shown that they are required for
tissue-specific gene expression. For example, the MyoD family
is required for muscle-specific gene expression (42), the
achaete scute family is involved in neuronal differentiation (17),
and SCL1 is essential for early hematopoiesis (36).

The tissue-specific bHLH proteins often bind DNA as het-
erodimers with a set of ubiquitously expressed bHLH proteins
known as E proteins. The E-protein genes are expressed in a
non-tissue-specific manner. Heterodimers between E proteins
and tissue-specific bHLH proteins are usually more effective
than homodimers in up-regulating the transcription of target
genes (25). Three E-protein genes, namely, E2A, E2.2, and
HEB, have been identified in mammals. The human E2A gene
encodes two bHLH proteins, E12 and E47, through differential
splicing of two bHLH-encoding exons (27). They were initially
identified in B cells as immunoglobulin (Ig) enhancer binding
proteins but were subsequently found to be present in most cell

types. However, the DNA binding activity of E2A homodimers
seems to be absent in most cell types except B cells (35). It has
been shown that posttranslational modifications, such as the
formation of an intermolecular disulfide bond and phosphor-
ylation, modulate the homodimerization potential of the E2A
proteins in a cell-type-specific manner (4, 37). The importance
of E2A in B-cell development was further supported by gene-
targeting experiments that demonstrated a complete lack of B
cells in E2A-null mice (1, 46). Additionally, overexpression of
E47 is sufficient to activate the chromosomal Ig heavy chain
and terminal deoxynucleotidyltransferase loci in non-B cells (7,
34). Given this evidence and the fact that so far no B-cell-
specific bHLH gene product has been found, it is likely that the
E2A homodimer is the functional transcription factor which is
required for B-cell lineage development.

In addition to their roles in B-cell formation, E2A proteins
have been shown to have growth-inhibitory properties: when
overexpressed in fibroblasts, these proteins can block cell cycle
progression near the G1-S boundary (30). A role for E2A in
growth regulation is further supported by the study of human
B-cell acute lymphocytic leukemia (B-ALL). The E2A locus is
involved in two types of translocation associated with human
lymphoid leukemia (16, 22, 28). These translocations, which
account for roughly 25% of B-ALL, link the E2A gene to one
of two novel genes, one (pbx1) encoding a homeodomain pro-
tein and the other (hlf) encoding a b-ZIP (leucine zipper)
transcription factor. Both types of translocation produce fusion
proteins which splice the transactivation domain of E2A to the
DNA binding domains of the fusion partners (16, 22). Work
carried out in several laboratories has shown that the fusion
proteins are oncogenic both in tissue culture cells and in trans-
genic mice (9, 21, 44). Together, these studies indicate that
E2A proteins may be involved in cell growth-regulatory path-
ways which directly control the cell fate decision between pro-
liferation and differentiation. This notion is further substanti-
ated by the finding that disruption of the E2A gene induces
thymic T-cell tumors (see below).

E2.2 and HEB gene products are structurally and function-
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ally related to the E2A gene products, and all are ubiquitously
expressed (13, 15). Genetic studies revealed that E2.2 and
HEB are also involved in B-cell development (45, 46). While
E2A-null mice make no pro-B cells, mice homozygous for the
E2.2 and HEB mutations can make B cells, but with reduced
numbers of pro-B cells. A reduction in pro-B cells was also
observed in mice transheterozygous for the E2A, E2.2 or HEB
mutations, strongly suggesting that the functions of the three E
proteins are related (43).

In addition to having a role in B-cell development, each of
the three E-protein genes is required for postnatal develop-
ment. E2A-null mice are born at a lower frequency than wild-
type mice, and most of them die within the first 2 weeks after
birth, with evidence of severe growth retardation. Very few
mice (about 5%) are able to survive to adulthood. E2.2-null
mice are born at an extremely low frequency and have never
survived more than a week after birth. Mice homozygous for
the HEB mutation are born at the expected frequency, but
most die within the first 2 weeks after birth. The cause of death
remains unknown but it appears to be independent of the
B-cell and T-cell phenotypes, since both cell types are not
essential for mice to survive in a sterile environment. The
postnatal lethality phenotype is also observed in every transh-
eterozygous combination among the three mutations, again
suggesting that the three E-protein genes function in related
pathways.

It is established that E proteins are capable of interacting
with the products of the Id gene family. The Id proteins, which
are encoded by four separate genes (Id1, -2, -3, and -4), lack
the basic region essential for DNA binding and thus function
as dominant negative regulators of E2A and other bHLH pro-
teins (5, 8, 10, 32, 39). The Id1 gene is highly expressed in
undifferentiated, cycling cells and tumor cell lines, and its ex-
pression level decreases dramatically when cells undergo ter-
minal differentiation (5). Overexpression of Id1 blocks the
cellular differentiation program in a variety of cell culture
systems and in transgenic mice (5, 19, 24, 26, 38). Several lines
of evidence also suggest that Id proteins play a role in G0-S
phase transition of the cell cycle. The stimulation of quiescent
fibroblasts with serum or growth factors induces the transcrip-
tion of the Id genes (2, 5, 8, 11). Inhibiting Id protein synthesis
by antisense oligonucleotides and microinjection of anti-Id1
antibodies prevents the reentry of arrested cells into the cell
cycle (2, 12, 30). This effect of Id proteins in growth regulation
is probably mediated by E proteins. It has been shown that
.90% of E2A is associated with Id1 in proliferating myoblasts
(19). In addition, overexpression of Id1 can overcome the
growth-inhibitory effect of E2A, suggesting that the balance
between E2A and Id1 is critical in regulating cell proliferation
(29).

In this study, to test the hypothesis that deregulated activity
of the growth-promoting Id genes is responsible for the phe-
notypes observed in E2A-null mice, we have generated Id1
knockout mice by gene targeting and crossed them with E2A-
null mice to generate E2A/Id1 double-knockout mice. These
mice survived at a significantly higher frequency than E2A-null
mice, clearly indicating a genetic interaction between E2A and
Id1 in the regulation of postnatal development. In addition, we
observed a high incidence of T-cell tumors both in E2A-null
mice and in E2A/Id1 double-knockout mice between the ages
of 3 to 10 months, identifying a previously unknown function of
E2A in the maintenance of homeostasis of T lymphocytes.

MATERIALS AND METHODS

Targeted disruption of the Id1 gene. The linearized targeting vector was
transfected into an embryonic stem cell line CJ7 (40). G418-resistant clones were

screened by PCR and Southern blotting. Three embryonic stem cell clones that
had undergone homologous recombination with the targeting vector were in-
jected into blastocysts. Heterozygous offspring of the germ line-transmitting
chimeras were bred into a pure 129sv background and a mixed background
(C57BL/6 and 129sv) to obtain homozygous mice.

Mouse genotyping. The genotype of each mouse was determined by PCR
analysis (45) of tail or toe DNA. Each locus requires three oligonucleotide
primers in one PCR which generates two distinct products representing the
wild-type and mutant alleles. The primer set for the Id1 locus includes prK4
(59GGTTGCTTTTGAACGTTCTGAACC; common primer), pr22 (59-CCTCA
GCGACACAAGATGCGATCG; wild-type-specific primer), and prPGK (59GC
ACGAGACTAGTGAGACGTG; mutant-specific primer). The PCR gives rise
to an 800-bp product and a 500-bp product for the wild-type and mutant alleles,
respectively. The primer set for the E2A locus includes YZ-104 (59ATGTGTG
GTGGCCCACACTTGT39; common primer), YZ-164 (59AAGAACGAGGCC
TTCCGTGTC39; wild type-specific primer), and YZ-29 (59TCGCAGCGCATC
GCCTTCTA39; mutant-specific primer). The PCR gives rise to a 1.7-kb
fragment and a 2.0-kb fragment for the wild-type and mutant alleles, respectively.

Fluorescence-activated cell sorting (FACS) analysis. Thymocytes, spleen cells,
and peripheral blood cells were resuspended in phosphate-buffered saline sup-
plemented with 5% bovine calf serum. Cells were stained with phycoerythrin
(PE)- and/or fluorescein isothiocyanate (FITC)-conjugated monoclonal antibod-
ies (purchased from Sigma and Pharmingen). 7-Amino-actinomycin D was in-
cluded in the staining to label the dead cells (45). Data were collected on a
FACScan flow cytometer and analyzed with the CellQuest and LysisII programs
(Becton Dickinson).

Southern and Northern analyses. Genomic DNA was purified from mouse tail
tips and separated on a 1% agarose gel after digestion. Southern analysis was
performed by using a SalI-BamHI fragment from F811 (a gift from K. Winter)
that encompasses the Id1 locus. Total RNA was prepared from primary embry-
onic fibroblasts (PEF cells) derived from Id11/2 or Id12/2 mice. RNA (10 mg)
was used for Northern hybridization with the following probes: Id1, a PCR-
synthesized probe containing nucleotides 265 to 383 of cDNA; Id3, a PCR-
generated probe corresponding to nucleotides 365 to 635 of Id3 cDNA (18); and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), a 1-kb PstI fragment of
pR-GAPDH (41).

Histology. Tissue samples were preserved in phosphate-buffered saline–
buffered 10% formalin, dehydrated, and embedded in paraffin. Six-micrometer
sections were stained with hematoxylin and eosin and examined by light micros-
copy.

RESULTS

E2A-null mice developed T-cell tumors between the ages of
3 to 10 months. E2A knockout mice were recently generated
by deletion of the bHLH domains of both E12 and E47 pro-
teins through homologous recombination (1, 46). These mice
produce no B cells and die postnatally at a high frequency. For
unknown reasons, a small fraction of E2A-null mice can live
for up to 10 months. Through 2 years of breeding in the mixed
background of 129/sv and C57BL/6, we have thus far obtained
and analyzed 13 adult E2A-null mice. Six of these mice devel-
oped acute T-cell tumors, three were sick due to incidental
bacterial infections, and the rest were normal at the time of
analysis. During the same breeding period, only one E2A het-
erozygous mouse developed T-cell leukemia after reaching the
age of 2 years. The development of T-cell tumors in adult
E2A-null mice was apparently unrelated to the events that led
to neonatal death. The high rate of neonatal death was corre-
lated with severe growth retardation, and no T-cell tumors
were found at this young age.

The E2A knockout mice which had developed T-cell tumors
were hunchbacked, skinny, and physically weak. Upon dissec-
tion, an enlarged thymus and/or tumor mass was readily visible
inside the rib cage. FACS analysis with T-cell markers dem-
onstrated that the tumors were derived from immature thymo-
cytes (Fig. 1). In most cases, these tumor cells were also de-
tected in the blood, as well as lymphoid and nonlymphoid
organs, indicating the malignant nature of these tumors. Thus
far, three types of T-cell tumors including CD41 CD81,
CD4low CD81, and CD42 CD81 have been observed in sep-
arate animals (Table 1), and these tumor cells express either a
low level of or no surface T-cell receptors. The tumor cells
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FIG. 1. T-cell tumors analyzed by FACS. (A) Freshly isolated thymocytes
and peripheral blood cells from a typical E2A-null mouse (Table 1) and an
age-matched wild-type (WT) mouse were stained with CD4-PE and CD8-FITC,
as well as CD3-PE and TCR-FITC, and analyzed. (B) Thymocytes and spleen
cells from another E2A-null mouse and a wild-type mouse were stained with
CD4-PE and CD8-FITC and analyzed. (C) Freshly isolated thymocytes, spleen,
lymph node, and bone marrow cells from a representative E2A/Id1 double-
knockout mouse and a wild-type mouse were stained with CD4-PE and CD8-
FITC and analyzed. All cells displayed in the dot plots were alive on the basis of
exclusion of 7-amino-actinomycin D. The numbers in the plots represent the
percentages of cells within the marked quadrants.
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readily adapted to growth in tissue culture without addition of
cytokines.

It has been shown that E12 and E47 are capable of inter-
acting with the Id1 gene product. It is possible that disruption
of the E2A gene leads to an increased level of free Id1 protein
which may have deleterious effects, for example, by down-
regulating the activities of HEB and E2.2 or other factors.
Disruption of Id1 should therefore allow us to determine which

phenotypes observed in the E2A knockout mice are attribut-
able to deregulated Id1 activity.

Generation of Id1-null mice. Id1-deficient mice were gener-
ated by gene targeting. A null mutation in the Id1 locus was
generated by replacing a 0.9-kb genomic fragment encompass-
ing the murine Id1 exon 1 and part of the promoter sequence
with a neomycin resistance (neo) cassette (Fig. 2A). The dis-
ruption of Id1 was confirmed by Southern and Northern anal-
yses (Fig. 2B and C). The Id12/2 mice were born at the ex-
pected Mendelian frequency (data not shown) and showed no
obvious abnormalities. Both homozygous male and female
mice were fertile. Histological analysis upon microscopic ex-
amination of brain, muscle, heart, liver, spleen, kidney, adrenal
gland, thyroid, gastrointestinal tract, and testis sections from
Id1 mutant mice did not reveal any major abnormalities (data
not shown). The oldest Id1-null mice are about 2 years old and
remain phenotypically normal.

Since Id1 has been implicated in the development of lym-
phoid and hematopoietic lineages, we examined the cells of
these lineages in the Id1-null mice by FACS analysis. Single
cell suspensions prepared from the thymus, spleen, bone mar-
row, and fetal liver were stained with monoclonal antibodies
against T-cell markers (CD4, CD8, and CD3, etc.), B-cell
markers (B220, CD43, and IgM), myeloid markers (GR-1 and
Mac-1), and an erythroid marker (Ter 119). As shown in Fig.
3, no significant differences were found between the Id1 mu-
tant mice and their wild-type littermates.

The lack of phenotype in Id1-null mice suggests the exis-
tence of a compensatory mechanism to regulate proliferation
and differentiation during development. Interestingly, Id3
knockout mice, recently generated by gene targeting (44a),
were also healthy, fertile, and phenotypically normal. Given
the fact that Id1 and Id3 have almost identical expression
patterns and are biochemically indistinguishable, it is very
likely that these two genes share redundant functions in mouse

FIG. 2. Targeting of the mouse Id1 locus. (A) Strategy for targeting the mouse Id1 locus. The region of mouse Id1 that was targeted is shown at the top. The
targeting vector (middle) contained a neo cassette which will replace the first exon and part of the upstream sequences of the Id1 gene. The predicted structure of the
targeted Id1 allele is shown at the bottom. The position of the 39 probe used for Southern analyses is indicated at the top. K, KpnI; H, HindIII; R, EcoRI; PGK,
phosphoglycerate kinase. (B) Southern blot of genomic DNA from mice of three Id1 genotypes (1/1, 1/2, and 2/2). The 39 probe hybridizes to the 5.0- and 3.5-kb
EcoRI genomic fragments from the wild-type (wt) and mutant alleles, respectively. (C) Northern blotting performed with RNA isolated from Id11/2 and Id12/2 PEF
cells and hybridized with Id1, Id3, and GADPH probes as described in Materials and Methods.

TABLE 1. Incidence of T-cell tumors in E2A-null mice
and E2A/Id1 double-knockout micea

Mouse Genotype Age
(mo)

Metastasis to
lymphoid and
nonlymphoid

organsb

T-cell
markers

E 9-19-94 E2A2/2 3.5 Yes NAc

E 1-19-95 E2A2/2 10 Yes CD42 CD81

E 8-12-95 E2A2/2 5 No CD41 CD81

CD42 CD81

E 11-12-95 E2A2/2 6 No CD41 CD81

E 4-8-96 E2A2/2 8 Yes CD41 CD81

CD42 CD81

E 9-24-96 E2A2/2 5 No NA
H 206 E2A2/2 Id12/2 5 Yes NA
H 424 E2A2/2 Id12/2 3 Yes CD41 CD82

H 547 E2A2/2 Id12/2 3.5 Yes Diffused
Mostly CD41 CD81

H 643 E2A2/2 Id12/2 3.5 Yes Diffused
Mostly CD41 CD81

H 649 E2A2/2 Id12/2 3.5 No CD41 CD81

H 679 E2A2/2 Id12/2 3 Yes Diffused
Mostly CD41 CD81

a All mice developed thymic lymphomas.
b As determined by histological examination and FACS analysis.
c NA, not applicable.
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development. This idea has been verified by the analysis of
Id1/Id3 double-knockout mice since these mutants are not
viable (43a).

Effects of the Id1 mutation on E2A-null mice. To study the
effects of the Id1 mutation on E2A-null mice, we set up a
genetic cross to generate E2A/Id1 double-mutant mice. Higher
numbers of E2A/Id1 double-mutant mice than of E2A-null
mice were recorded between the time of birth and 3 weeks of
age. Although E2A2/2 Id12/2 mice still showed signs of slow
growth, their observed survival rate was significantly higher
than that of E2A2/2 Id11/1 mice before weaning (Fig. 4).
Since both the E2A and Id1 knockout mice were bred in the
equally mixed background of 129/sv and C57BL/6, the en-
hancement of survival rate in the double-knockout mice can be
explained only by the newly introduced Id1 mutation. This
enhancement was not observed with E2A2/2 Id11/2 mice
(data not shown), most probably indicating a threshold effect
of the E2A-to-Id1 ratio.

The partial rescue of E2A2/2 neonatal lethality by disrup-
tion of the Id1 gene indicates that Id1 is indeed involved in
E2A-mediated regulatory pathways at certain stages of devel-
opment. It is possible that the actual cause of postnatal lethal-
ity in E2A-null mice is a decreased E2A/Id ratio, which is
elevated in the E2A/Id1 double-knockout mice.

To address the issue of whether the Id1 mutation will rescue
the B-cell phenotype in E2A-null mice, we examined B-cell
development in E2A/Id1 mice by FACS analysis (Fig. 5). The
lymphocyte population in the bone marrow of the double-

knockout mice was smaller than that in the E2A1/1 Id12/2

mice, and no B2201 cells could be detected (Fig. 5B). FACS
analysis of embryonic day 18.5 (E18.5) fetal liver detected few,
if any, B220dull CD431 cells, indicating that B-cell develop-
ment in the E2A/Id1 double mutant was blocked at the pro-
B-cell stage. The failure of the Id1 mutation to rescue the
B-cell defects in E2A-null mice is consistent with the idea that
E2A homodimers are essential for B-cell formation and that
the loss-of-function E2A mutation cannot be compensated for
by increasing the dosage of other E proteins via disruption of
Id1.

E2A/Id1 double mutants develop T-cell tumors. All of the
first six E2A/Id1 double-knockout mice that survived weaning
developed T-cell tumors after 3 months of age. Whether this
high rate of tumor formation relative to the single E2A mutant
(;50%) remains significant is currently being determined.
Nevertheless, the tumors in the double-mutant mice were iden-
tical to the tumors found in the E2A-null mice. Necropsy
revealed a huge thymic mass in the chest cavity, which may
have led to the collapse of the lung and death of the animal
(Fig. 6B). Lymphadenopathy was also frequently found in the
diseased animals. Histological analysis revealed complete ef-
facement of the normal cortical-medullar structure of the thy-
mus as well as the white pulp and red pulp of the spleen by
large immature lymphoblastic cells (Fig. 6D and F). Tumor
cells were able to infiltrate peripheral nonlymphoid organs
such as the liver, pancreas, and kidney (Fig. 6H, J, and L).
FACS analysis showed that the tumor cells express markers

FIG. 4. Survival curve for E2A2/2 mice in different Id1 backgrounds. Crosses were set up between E2A1/2 male and female mice of the indicated Id1 genotypes.
The survival rate for E2A2/2 mice generated in each group was calculated based on numbers of E2A2/2 mice observed at each time point divided by numbers of
E2A2/2 mice expected for that particular cross. E2A1/1 Id12/2 self-cross was used as a control. The total numbers of E2A2/2 mice analyzed in the Id11/1 and Id12/2

background were 22 and 30, respectively. The difference between the survival rate of E2A2/2 Id12/2 and E2A2/2 Id11/1 mice was significant compared to the
difference between that of E2A1/1 Id12/2 and E2A1/1 Id11/1 mice, as demonstrated by Student’s test, with P , 0.005. The survival rates of E2A1/1 Id12/2 and
wild-type mice were identical.
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FIG. 5. E2A2/2 Id12/2 mice have no B cells (A) Quantitative analysis of pro-B cells in fetal liver of an E2A/Id1 double mutant. The fetal livers from an E18.5
E2A/Id1 double mutant and its littermates were stained with B220-FITC and CD43-PE antibodies and analyzed. B2201 CD431 pro-B cells are boxed, and the
percentage of cells in each box is indicated. The FACS profile of E18.5 wild-type fetal liver was identical to those of E2A1/1 Id11/2 and E2A1/1 Id12/2 fetal livers
(data not shown). (B) FACS analysis of bone marrow cells from E2A/Id1 double-mutant and E2A1/1 Id12/2 mice. Bone marrow cells were stained with B220-PE and
IgM-FITC antibodies and analyzed. The numbers in the plots are the percentages of cells within the marked quadrants. The FACS profiles of wild-type and E2A1/1

Id12/2 bone marrow cells were identical (data not shown).
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representing various stages of T-cell development (Fig. 1 and
Table 1).

The appearance of T-cell tumors in the E2A/Id1 double
mutant indicates that the Id1 mutation cannot rescue the tu-
mor phenotype of E2A-null mice. This observation argues
against the idea that the T-cell tumors in E2A-null mice are
caused by the elevated level of free Id proteins. Instead, it
suggests that an inherent function of E2A is primarily respon-

sible for maintaining the homeostasis of T cells during thymo-
cyte development.

DISCUSSION

In this report, we have shown that disruption of the E2A
gene results in a high incidence of thymic T-cell tumors. This
phenotype indicates that E2A may have, in addition to the

FIG. 6. Morphology of T-cell tumors in E2A-null and E2A/Id1 double-knockout mice compared to age-matched wild-type mice. (A and B) Gross appearance of
wild-type thymus (A; t) and thymic lymphoma (B; T) found in 6-month-old E2A/Id1 double-knockout mice. Magnification, 34.3. (C to F) Hematoxylin-and-eosin-
stained tissue sections from thymuses and spleens of 6-month-old wild-type (C and E) and E2A/Id1 double-knockout (D and F) mice. The distinct outer cortex (c) and
the inner medulla (m) of the thymus, as well as the white pulp (w) and red pulp (r) of the spleen, were completely replaced by darkly staining lymphocytes in the double
mutant. Magnification, 386. (G to L) Metastasis of lymphoblastic cells to liver, pancreas, and kidney. Hematoxylin-and-eosin-stained tissue sections of livers (G and
H), pancreases (I and J), and kidneys (K and L) from wild-type (G, I, and K) and E2A/Id1 double-knockout (H, J, and L) mice. Arrows indicate invading lymphoblasts.
Magnification, 386. T-cell tumors in E2A-null and E2A/Id1 double-knockout mice were identical in morphology (data not shown).
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previously demonstrated roles in development, a potential tu-
mor-suppressing activity.

In humans, chromosomal translations at the E2A gene locus
were shown to be a major cause of childhood lymphocytic
B-cell leukemia. In the context of translocations, E2A has
oncogenic activity as fusion proteins (9, 21, 42). The targeted
E2A allele generated in our experiment still has the potential
to produce a truncated molecule that contains the same acti-
vation domain found in the oncoproteins. However, this trun-
cated molecule per se is not sufficient to account for the ob-
served T-cell tumors because these tumors were rarely
detected in the E2A heterozygotes. We argue that the loss of
function of E2A may be the main reason why these mice

develop T-cell tumors. This interpretation suggests that the
mechanism involved in causing the T-cell tumors in mice lack-
ing the E2A gene may be different from that causing B-ALL in
humans.

The tumors detected were only of T-cell origin, suggesting
that the oncogenic events may be caused by changes in normal
T-cell development programs. Early studies have shown that
E2A is required for the proper expression of CD4 and CD5
genes during the early stages of thymocyte development (43).
This regulation is apparently achieved in concert with the gene
product of HEB. It was found that the amounts of CD4 and
CD5 surface antigens were dependent on the combined dosage
of both E2A and HEB proteins (43). In the absence of either

FIG. 6—Continued.
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E2A or HEB, the cellularity of the thymus is significantly
decreased in neonates, suggesting that a developmental block
has occurred during T-cell development (44a). However, the
blockade is not tight since normal numbers of mature T cells
are detected in the peripheral lymph organs of E2A-null or
HEB-null animals (43). We reasoned that if the T-cell tumors
in the E2A-null mice are triggered by a slowdown in T-cell
development, we would expect to see the same or perhaps a
higher frequency of T-cell tumors in the adult HEB-null mice.
Unfortunately, the neonatal mortality of HEB-null mice is
much higher than that of E2A-null mice. After 2 years of
breeding of HEB heterozygous mice, only two HEB homozy-
gous mutant mice were found to have survived weaning. Both
mice (one is more than 1 year old, and the other is 3 months
old) are apparently healthy. Although this limited data set
indicates that HEB-null mice can live without developing T-
cell tumors, further analysis is still needed before we can fully
evaluate the functional relevance of HEB in tumor formation.
However, it is also possible that similar to the role of E2A
homodimers in B-cell development, the function of E2A in
T-cell regulation is unique to E2A itself.

Another possible effect of E2A disruption is the increased
level of free Id proteins. The increased free Id proteins may be
a potential risk factor in tumorigenesis. Id proteins have been
implicated in several tissue culture systems to function as key
regulators that inhibit differentiation and promote prolifera-
tion. To determine whether any phenotype observed in E2A-
null mice is attributable to the increased level of Id proteins,
we generated Id1 knockout mice and E2A/Id1 double-knock-
out mice. Id1 knockout mice were viable and lacked any obvi-
ous abnormality. In particular, no obvious defect in the B-cell
differentiation pathway was noted. In contrast, overexpression
of Id1 in tissue culture models has been shown to antagonize
E-protein-mediated activation of Ig enhancers (31, 43). In ad-
dition, overexpression of Id1 in the B cells of transgenic mice
perturbs B-cell differentiation or causes cell-type-specific kill-
ing (38). Whether the failure to observe a phenotype in the
B-cell lineage by disruption of Id1 is due to compensation by
the other Id genes is currently being investigated.

E2A/Id1 double-knockout mice showed an increased post-
natal survival rate compared to E2A-null mice, indicating the
possible genetic interaction between the two genes in postnatal
regulation. However, the Id1 mutation failed to rescue the
B-cell and T-cell phenotypes of E2A-null mice. The E2A/Id1
double-knockout mice still lacked B cells and developed T-cell
tumors after 3 months. Our data are consistent with the idea
that E2A proteins, rather than their bHLH partners, are pri-
marily responsible for maintaining the homeostasis of T cells
during thymocyte development. However, further manipula-
tion of the other three Id genes is required to rule out any
contribution of elevated Id activity in the E2A-null mice.

These studies may be helpful in elucidating the mechanism
of human T-ALL induced by aberrant expression of the TAL1
gene. TAL1 encodes an erythroid-cell-specific bHLH protein
which dimerizes with E2A proteins (3, 6, 14). About a quarter
of T-ALL patients carry the activated TAL1 gene in T cells
(33). It is not known whether this type of T-ALL is caused by
the oncogenic activity of TAL1 or the ability of TAL1 to block
the normal function of E2A. Interestingly, a transgenic model
(23) demonstrated that the onset of T-cell tumors in the TAL1
transgenic mice could be accelerated by increasing the activity
of casein kinase II, an enzyme which can phosphorylate E47
and disrupt E47 homodimer formation (20). While these trans-
genic studies suggest an involvement of loss of function of E2A
in human T-ALL, formal proof is still lacking. The mouse
model established in this study may provide a valuable tool for

determining the molecular mechanism of human T-ALL dis-
eases.
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